ABSTRACT: This study investigates the water management actions required for, and regional benefits of, conditioning Edwards Aquifer water and agricultural management on the phases of El Niño-Southern Oscillation (ENSO), using data on ENSO frequency from 1970 to 1996. Water management adjustments would involve changes in agricultural crop mixes and urban water use to exploit seasonal climatic changes associated with ENSO. The value of ENSO-dependent management ranges from $1.1 to $3.5 million yr -1 , depending on initial water level elevations in the aquifer. Exploitation of ENSO events has the potential to help offset the costs of diminishing regional pumping due to legislative mandates.
INTRODUCTION
The El Niño-Southern Oscillation (ENSO) phenomenon is based on changes in the Eastern Tropical Pacific ocean-atmosphere system that contribute to climate shifts around the world (National Oceanic and Atmospheric Administration, Climatic Diagnostics Center; www.cdc.noaa.gov/ENSO/enso.kd.html, and www. ncdc.noaa.gov/ol/climate/elnino/elnino.html). ENSO and La Niña phases contribute to temperature and precipitation variation in the United States. Wolter et al. (1999) found that the greatest statistically significant relationship between ENSO incidents and seasonal temperatures across large areas of the USA occurred in winter and spring. They also found that El Niño and La Niña conditions substantially alter the probability of very warm and very cold seasons. One region that exhibits significant ENSO-related climate variations is the SW USA (Gershunov 1998 , Cayan et al. 1999 . In this relatively arid region, ENSO phases are associated with substantial precipitation variation, and with drought during the La Niña phase.
Substantial effort has been invested into recognizing the ENSO phase late in the calendar year (typically by November). This information could enable SW USA water agencies and municipalities to make proactive management adjustments. We examined the benefits of using ENSO phase information for regional water supply system management in the context of the USA San Antonio Edwards Aquifer region (SAEA) in Texas (see McCarl et al. 1998 , for a description of the region).
CHARACTERISTICS OF THE EDWARDS AQUIFER
The Edwards Aquifer (EA) underlies the SAEA and provides water to more than 2 million people, satisfying agricultural, municipal, industrial, recreational, and environmental interests. Water from the EA is discharged through springs and wells. About 37% of SAEA pumping is agricultural, mainly in the western part, and 63% is by municipal and industrial users, mainly in the east, especially in the heavily populated San Antonio area (Fig. 1) . The EA also supports Comal and San Marcos Springs, which provide habitat for endangered species (Longley 1992) . Flows in these springs are sensitive to EA water levels. The EA discharges and recharges rapidly, as exemplified by a Bexar County indicator well (EA Authority Well J-17, located in San Antonio and used since 1956 to provide a summary measure of EA elevation; see Eckhardt G: www.edwardsaquifer.net/j17.html). Water levels at Well J-17 reached a record high elevation of 213 m in 1987, but after 2 yr of moderately low recharge with cumulative pumping less than cumulative recharge, the elevation dropped to 191 m in 1989, while Comal Springs nearly dried up.
The EA is centrally managed by the Edwards Aquifer Authority (www.edwardsaquifer.org/), which must manage the aquifer to ensure an adequate supply to the regional users as well as to maintain spring flow (Texas State Legislature, Senate Bill 1477 , 1993 .
ENSO EVENTS AND RECHARGE OF THE EDWARDS AQUIFER
There are many methods for classifying ENSO events, e.g. using sea surface temperature (SST) anomalies, sea surface air pressure differences across the Pacific, or a combination of these together with other weather parameters. This study used an ENSO characterization based on the October value of the 5 mo moving average of the SST anomaly in the tropical Pacific region (4°S to 4°N latitude, 150 to 90°W longitude), constructed by the Japan Meteorological Agency (www.kishou.go.jp/english/activities/observation/obs 5.html). The SST is used to classify ENSO events via the method developed by National Oceanic and Atmospheric Administration, Climate Diagnostics Center, commonly used in the USA (Climate Prediction Center). This method identifies 3 phases: warm (El Niño), cold (La Niña), or neutral (see the Queensland, Australia, Government Long Paddock website, available at: www.longpaddock.qld.gov.au/).
SAEA water supply depends on EA recharge, which in turn depends on precipitation and temperature. Thus, SAEA water availability is likely to be influenced by ENSO phases if they are associated with changes in precipitation and temperature. We characterized regional historical EA recharge estimates from 1970 to 1996 (United States Geological Survey, Recharge to and discharge from the Edwards Aquifer in the San Antonio Area, Texas, Austin, TX, various issues; the 1997 report is available at: http:// tx.usgs.gov/) and associated climate events into the 3 different phase groupings; 6 years fall into the El Niño phase (1972, 1976, 1982, 1986, 1987, 1991) , 4 years fall into the La Niña phase (1971, 1973, 1975, 1988) , and the remaining 14 years fall in the Neutral phase. The recharge under El Niño years ranged from 756 400 acre feet (af; 1 af = 1233.5 m 3 ) in 1972 to 2.003 million af in 1987, while the recharge under the La Niña years ranged from 214 500 af in 1988 to 925 300 af in 1971, i.e. La Niña years generally have less recharge and El Niño years have more (Fig. 2) . Average January through July recharge is 324 000 af during La Niña phases and 624 000 af under El Niño. These recharge data were used to generate cumulative probability distributions of EA recharge for the ENSO phases (Fig. 2) . The chances of receiving a January through July recharge > 600 000 af are 50.0 and 35.7% for the El Niño and Neutral phases, respectively, and 0% for the La Niña phase. Similarly, annual recharge in excess of 1 million af only occurs under the El Niño phase (frequency: 25%) or Neutral phase (14.3%).
BENEFITS OF PREDICTION OF THE ENSO PHASE
The EA Authority is legally required to control pumping by issuing permits, and by enacting emergency action rules in periods of low aquifer water levels. In recent history, the EA Authority has implemented pre-season dry year buyouts of irrigation water ) and lawn watering bans, among other actions. The EA region also contains large municipal water supply agencies that manage water use through pricing, regulatory, and incentive programs, which are again influenced by possible critical periods, as well as through long-term actions involving water leasing, water purchase, and purchase of irrigated land. If they are given sufficient advance information (e.g. in October or November), the regional agencies could make their decisions conditional on the ENSO phase, for example by encouraging conservation or reducing water use through buyouts. The reaction to an ENSO phase announcement could also be conditional on aquifer water levels at the end of the year. For example, La Niña forecasts and low water levels portend a need to reduce water consumption. Thus, to examine regional reactions to ENSO phase information, we needed a modeling framework which can simulate reaction by including both phase information and aquifer water level.
MODELING FRAMEWORK
The basic framework we used for modeling returns and possible responses to ENSO information follows an approach used in national ENSO studies by Adams et al. (1995) and , but it is complemented by a dynamic component to account for current water levels. In this framework, we permitted different water use patterns in reaction to ENSO phase, depending upon initial water level.
The model framework couples stochastic dynamic programming (SDP) with a nonlinear programming (NLP) aquifer model. In particular, the approach is patterned after the linked SDP/NLP formulation used in McFarland (1975) , Sweeney & Tathum (1976) , and Kilmer et al. (1984) as implemented for the EA by Williams (1996) and Williams et al. (2000) . However, we also add ENSO phase information. In particular, the A stochastic nonlinear aquifer model was used to generate optimal pumping decisions, given ENSO phase information along with starting and ending water level, and then the SDP was used to determine optimal elevation choices ( Table 1) .
The values for the welfare function g(M et , X etr , U etr , I t +1,e /e, r, II t ) are derived using a nonlinear aquifer model. They describe the net benefits of proceeding from an initial water level II to a final water level I t +1 when ENSO phase e is forecast and recharge event r occurs. The model maximizes total social welfare across municipal, industrial, and agricultural interests and across alternative ENSO phases, subject to constraints on initial and final water levels. The g terms are directly drawn from the objective function.
Nonlinear aquifer model
The NLP aquifer model describes the aquifer in 27 weather states for the 27 years from 1970 to 1996. It is a version of the Edward Aquifer Simulation Model (EDSIM; McCarl et al. 1998 ) with 3 major modifications:
(1) EDSIM assumes that average final water level across the 27 states of nature (i.e. years) equals the initial water level, whereas our model is run separately under all combinations of initial and final water levels.
(2) EDSIM is run under a constraint that the crop mix chosen is the same, regardless of the state of nature, whereas our model is run with 1 and with 3 crop mixes. In particular, we develop a crop mix that must be robust given an initial and final water across all 27 states of nature, and we also develop a crop mix with respect to the El Niño, Neutral and La Niña states in the data set. This simulates decision making with and without ENSO information.
(3) The 27 states of nature are all represented in our model, but they can be separated into the El Niño, Neutral and La Niña phases with multiple events of varying strength included under each of them. This implicitly considers the possibility of improper forecasting and the possibility of events of varying strength, as discussed in . This is important, as forecasting of ENSOrelated tropical Pacific SST and its global consequences is far from perfect; ENSO extremes often emerge in boreal spring or early summer, while ENSO behavior emerges during spring and thus may not be properly foreseen in the late fall (Barnston et al. 1999 ; see also Mason et al. 1999 , Landsea & Knaff 2000 , McPhaden 2004 
Generation and use of the dynamic programming function g in stochastic dynamic programming
To generate the data for the welfare function in the SDP, the NLP model was solved for each ENSO phase under the probabilities of an occurrence of each of the 27 situations of annual recharge, as well as for a scenario lacking ENSO phase information, and then for all combinations of 12 initial (INITWAT) and final (END-WAT) water levels varying in steps of 10 feet from 570 to 680 feet (173.7 to 207.3 m) above sea level for the J-17 reference well. This generated a final water level for each ENSO phase and strength, associated with each initial water level, with and without forecast cases. In turn, given that the SDP function was used to determine I t + 1,s,k , then we could go back to the associated NLP solution and look up the crop mix, and water use patterns.
Data
For each of the years from 1970 to 1996, a combination of the EPIC crop simulator (Williams et al. 1989) and the Blaney-Criddle method (Heims & Luckey 1983 , Doorenbos & Pruitt 1977 was used to develop a stationary series of climatically influenced yields and irrigation water requirements. Also, weather based shifts in water demand (Griffin & Chang 1991) were used to adapt municipal water demand schedules to climate variation across the years.
The model was set up under 1998 demand, when Senate Bill 1477 mandated a pumping limit of 450 000 af. The model was run with and without ENSO Table 2 . Model results for hydrological changes in the Edwards Aquifer (EA) over an annual period, depending on initial EA water level at Well J-17 and ENSO phase. Change with ENSO data: change compared to water flow without ENSO data (bold). Data are in 10 3 acre feet (af); 1 af = 1233.5 m phase information. To test the sensitivity of the results, analysis was also done under the tighter Senate Bill, which mandates a 400 000 af pumping limit. Municipal and industrial demands were held at 1998 levels throughout the 27 yr study period, since regional water groups argue that future increase in demand will be met from alternative sources.
Model implementation
We focused on 2 basic questions: (1) How could ENSO phase information influence water management? (2) How much does the region gain through adaptive management versus ignoring ENSO effects?
To examine these questions we ran the model with and without ENSO phase information. The key model manipulation to permit ENSO-dependent adjustments involves the way that the states of weather nature are included. In the without-ENSO case, the crop mix is the same across all 27 years, regardless of ENSO phase. In the with-ENSO case, the model has a different crop mix for each of the ENSO phases.
RESULTS
The results of model runs with and without ENSO phase information are given in Tables 2 & 3 . Total water use (pumping) is reduced across the board when ENSO information is included in the management of the aquifer. This occurs for 2 reasons: (1) ENSO forecasts serve to reduce water use for agriculture under all circumstances given; the ability to tailor a crop growing pattern to an ENSO phase given a November announcement reduces irrigation during the wetter El Niño events and leads to an adoption of less waterdependent crop growing patterns during the dryer La Niña and Neutral events. (2) Overall EA management reduces water use particularly in the dryer Neutral and La Niña events, with most of the adjustment coming through the agricultural sector. Year-end water levels in the EA rise with incorporation of ENSO information ( Fig. 3) and spring flows are greater (Table 2) . Water level increases mainly occur under the El Niño and Neutral phases with average management corresponding more to planning for La Niña and Neutral events. For example, at an initial water level of 188.9 m, the final level is at 195.0 m in El Niño phases, and at 192.0 m in La Niña phases (Fig. 4) . The level of water use does not depend strongly on initial water levels. The reduction in agricultural water use is roughly 20% for all initial water levels in the case of La Niña and Neutral phases, and about 5% in the El Niño phase. Table 4 presents the regional economic welfare implications of using ENSO information. The welfare increase ranges from $1.1 to $3.5 million yr -1 , depending on initial aquifer water level. Much of the welfare gain is achieved by the agricultural sector due to crop mix and water use adjustments.
For sensitivity purposes the model was also run under a 400 000 af pumping limit, which is due to be attained (Tables 5 & 6) . Here, as in other studies (e.g. McCarl et al. 1998) , the principal adjustment occurs in agriculture. Again, the use of ENSO information leads to adjustments in the agricultural sector and benefits that sector the most. In addition, water flow at Comal Springs increases and the chance of the springs going dry is reduced. Regional welfare gains are again positive, but smaller than under the 450 000 af pumping limit case. When the pumping limit is reduced to 400 000 af, the use of ENSO information helps to offset losses in the agricultural sector. The value of an ENSO forecast ranges from $2.5 million (at 182.8 m initial water level in the EA) to $3.5 million (at 195.0 m) under the 450 000 af pumping limit, and from $1.1 million (at 201.1 m) to $2.1 million (at 195.0 m) under the 400 000 af pumping limit.
CONCLUSIONS
This study investigated the regional benefits of managing water use from the Edwards Aquifer (EA) according to ENSO phase data for 1970 to 1996. ENSO information permits management adjustments worth $1.1 to $3.5 million, depending on EA pumping limits and initial water levels in the aquifer. Most of the water management adjustments and benefits involve shifts in agricultural crop mixes designed to exploit alterations in natural precipitation resulting from the ENSO phases. The level of water use does not strongly depend on initial water level. Reductions in agricultural water use are ca. 20% for all water levels in the La Niña and Neutral phases, and about 5% in the El Niño phase, due to wetter conditions. Therefore, it is desirable to promote the dissemination of ENSO information to agriculture and to institute an education program on how to use this information. Nonagricultural sectors also benefit from reduced agricultural water use and increased spring flow. The exploitation of ENSO information also reduces the regional welfare loss that will result from the regional aquifer pumping reduction mandated by the legislature.
The empirical results generated using the late fall estimate of the ENSO phase may not always be perfect. The model incorporates data on multiple events under each phase that are of varying strength and thus includes the possibility of flawed estimates.
ENSO-based decision making would have been of substantial benefit in the strong 1997-1998 and subse- Table 4 . Model results for net monetary value (10 6 US $) of ENSO data in management of the Edwards Aquifer (EA) over an annual period, depending on initial EA water level at Well J-17, and pumping limit (I: 450 000 af; II: 400 000 af; 1 af = 1233.5 m 3 ). Change compared to absolute value (bold) of management without ENSO data at pumping limit I quent El Niño years. For example, in early 1997 the EA Authority spent a lot of money on a dry year option (i.e. curtailing water use and compensating farmers with cash payments) in a Neutral year and the EA later received a lot of recharge that meant the dry year option was likely unnecessary . Our dynamic programming (DP) model would have predicted that the strong 1997-1998 El Niño would yield substantial recharge and allow additional pumping, making the dry year option unnecessary. Finally, the DP results would have suggested limiting water use in the 1998-2000 La Niña years, thus avoiding some of the problems that arose due to low recharge levels and consequent low spring flows, particularly in 2000.
This study has 2 limitations: the first is related to the assumed decision maker response and degree of regional control. Our model assumes that the EA is managed by a benevolent dictator who can control all pumping, but in reality there are many potentially non-cooperative decision makers. Decision makers will be put at risk when they make preparations in anticipation of ENSO-related events, but later find that a phase is weaker than predicted, or that other phases arise (as discussed in McPhaden 2004), and this may limit cooperation. The second is that our time series is relatively short and a broader set of alternative ENSO events or a broader characterization of events would improve the forecast. Finally, it will be prudent to investigate the use of finer definitions of possible ENSO events (see Chen et al. 2002 
